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Abstract
This investigation focuses on the pressure amplitude response,
within two deep cavities characterized by their length over
depth ratios (L/H = 0.2 and 0.41), under varying free stream
velocity in a large wind tunnel. Experiments have shown that
for deep rectangular cavities at low Mach number, oscillations
of discrete frequencies can be produced. These oscillations ap-
pear when the free stream velocity becomes higher than a min-
imum value. In addition, as flow velocity is increased, upward
jumps in oscillation frequency are observed in the two cav-
ity configurations. Convection velocity of instabilities along
the shear layer was measured using velocity cross-correlations.
This study shows that the hydrodynamic modes of the cavity
shear layer are correctly predicted by the Rossiter model when
the convection velocity is determined and the empirical time
delay is neglected. For L/H = 0.2 the first oscillation mode is
observed on the spectrogram. For L/H = 0.41, both the first
and the second mode have approximately the same amplitude.
Time-resolved Particle image velocimetry measurements were
performed to obtain the vorticity distribution during the oscil-
lation cycle along the cavity shear layer. It is found that the
number of structures in the cavity shear layer depends on the
mode order of cavity oscillation.
Introduction
Turbulent flows over rectangular cavity may lead to an aeroa-
coustic coupling between the cavity shear layer oscillations and
the acoustic modes of the installation. This aspect is studied
in this paper for particularly deep cavity case (L/H = 0.2 and
0.41) which exhibits low frequency oscillations. This cavity
configuration is encountered in many industrial processes, rang-
ing from windows and sunroofs in automobiles and over panto-
graph in train vehicles. The characterization of the pressure os-
cillations inside and around cavity has been treated by many au-
thors (Rossiter[1], Tam and Block[2], Rockwell and Knisely[3],
Rockwell et al.[4] and others).
Cavity turbulent flow is characterized by a convection of insta-
bilities in the cavity shear layer from the leading to the trailing
corner of the cavity. In most cavity flows, turbulent boundary
layer (TBL) separation is followed by a roll-up leading to coher-
ent structures into the cavity shear layer. The number of these
shear layer vortical structures depends on the TBL thickness
(δ0) and the cavity length (L). The coherent structures of the
shear layer impinges on the downstream edge of the cavity, gen-
erating acoustical disturbances. Rossiter model [1] was used in
most of the publications concerning this phenomenon. In this
model, the determination of peak frequency, where high dis-
tinguished amplitude occurs, is important in quantifying pres-
sure variations inside and around the cavity. This frequency
depends on the mode order, cavity length and the convection
velocity (uc) of coherent structures in the shear layer. More-
over, the number of structures in the cavity shear layer depends
on the mode order of cavity oscillation (Gharib and Roshko[5],
Forestier et al.[6]). The flow visualization done by Gharib and
Roshko[5] shows that for mode 2 of the oscillation, two wave-
lengths (or vortical structures) exist along the shear layer of the
cavity, while in mode 3 there are three waves (or vortical struc-
tures). In our study, 5 < L/θ0 < 24 and as will be seen, only the
first Rossiter mode is present for L/H = 0.2. For L/H = 0.41,
mode 1 and mode 2 are detectable.
Each cavity configuration is a complex subject and needs to be
deeply studied. Indeed, many geometrical parameters influence
the aerodynamic and the aero-acoustic behaviors around the
cavity. Sarohia[7] determined the minimum cavity length for
the onset of oscillations. The determination of this minimum
length will depend on the flow parameters U0 (free stream ve-
locity), δ0 (thickness of the TBL just upstream from the cavity),
and ν (kinematic viscosity of fluid). Rockwell and Knisely[3]
showed that the variation of the cavity length leads to multiple
peaks in the pressure spectra. Knisely and Rockwell[8] varied
the cavity length for constant U0. They found that there is a
slight change in amplitude of the component at the fundamental
frequency (oscillation mode).
Schachenmann and Rockwell[9] found that the self-sustained
oscillations of the cavity are strongly influenced by the acous-
tic modes of the pipe (no-flow resonant acoustic modes). A
”locking-on” effect is observed around the acoustic modes and
the variation of oscillation frequency tends to parallel that of the
pipe mode frequency as the cavity length increases.
For shallow cavities, the flow exhibits strong three-
dimensionality. The choice of small L/H values leads to
a two-dimensional organization of the flow (Forestier et al.
[6]). Therefore, two geometrical aspect ratio (L/H = 0.2 and
0.41) are studied in this paper.
The present research improves our knowledge in cavity oscilla-
tions phenomenon. New aspects could be summarized as fol-
lowed.
1. The convection velocity was considered in most of previ-
ous studies as an empirical parameter (uc/U0 = 0.57 as pro-
posed by Rossiter, where U0 being the free stream veloc-
ity). In the present study, the convection velocity of struc-
tures was experimentally obtained from velocity cross-
correlations. Convection velocity distribution of struc-
tures along cavity shear layer is discussed for both cavity
configurations and for different freestream velocities.
2. The incoming turbulent boundary layer (TBL) character-
istics affect the amplitude of events as was shown numeri-
cally by Gloerfelt et al.[10], and experimentally by Grace
et al.[11] and Camussi et al.[12]. The long and large test
section of the present investigation lead to a fully devel-
oped turbulent boundary layer characterized by a large
thickness (δ0). Boundary layer thickness of the present
study 90< δ0 < 210mm is greater than those of all previ-
ous studies concerning cavity oscillation phenomenon.
3. East[13] found that for small working section dimensions,
the tunnel and the cavity interacted acoustically. How-
ever, with greater test section dimensions, no interference
was discerned. This phenomenon was predicted as highly
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probable in many previous studies. It is motivating our
option of large test section dimensions.
4. Although the L/H = 0.41 configuration was previously
studied at M = 0.8 (Forestier et al.[6] and Larchevequeet
al.[14]), different flow conditions of the present study
aims at accomplishing data related to this cavity config-
uration. Indeed, in the present study Mach numbers are
very low and the flow regime is low-subsonic. On the
other hand, convection velocity of structures was mea-
sured with different freestream velocities in the present
work and exhibits a quite different behaviour between os-
cillating and non-oscillating regimes.
5. Particularly deep cavity (L/H = 0.2) is being studied. El
Hassan et al.[15] has founded that this cavity configura-
tion has different quantitative influence on the skin friction
comparing with square cavity cases. The present study
aims at showing how this particular deep cavity could af-
fect shear layer oscillations.
Apparatus and experimental procedures
Wind tunnel and cavity model details
The experimental measurements have been conducted in the
closed circuit low speed wind tunnel of the Mechanics and En-
ergetic Laboratory of Valenciennes. The test section is 2×2 m2
in cross-section and 10 m long. The maximum outlet velocity
along the centerline of the test section is 60 m/s. The relative
turbulence level at 30 m/s is about 0.5%. Measurements were
made at free stream stream velocities covering the range 1 to 56
m/s. The dimensions of the first cavity configuration were L =
104 mm in length, H = 520 mm in depth and W = 2000 mm in
width. Aspect ratios were L/H = 0.2 and L/W = 0.052. The
second cavity configuration had the same H and W as the first
one, with L = 213 mm. Its ratios were L/H = 0.41 and L/W
= 0.107. Three-dimensional view of cavity is shown in Fig-
ure 1. Each cavity was installed on the lateral wall of the test
section, with the leading edge located 8 m downstream from
the test section inlet. The boundary layer was characterized
just upstream of the cavity leading edge. Hot-wire measure-
ments of velocity profiles at this location showed that for low
velocity (U0 = 2m/s) the boundary layer was fully developed.
These measurements, at low free stream velocities, show that
the boundary layer thickness (δ0 = 18 cm) corresponds to that
found in a fully developed boundary layer.
Pressure measurements
Kulite pressure transducers were employed, with a nominal sen-
sitivity of 275 mv/bar. The outputs from the transducers were
connected to a multi-channel signal conditioner. Data acqui-
sition of pressure signals is accomplished using an A/D board
with 12− bit resolution. A gain adjustment was used in or-
der to meet the required voltage input levels of the A/D board.
Data were sampled at 6 kHz typically for 180000 samples (30
sec.) from each channel. The acquired pressure signals were
low-pass filtered with a cut-off frequency of 3 kHz, to avoid
aliasing effects. Wall pressure measurements were made by us-
ing 3 flush-mounted Kulite sensors. The sensitive region of the
probes is a small circle 2.5 mm in diameter. One sensor (PS1)
was set on the leading edge at y = -30 mm. The second sensor
(PS2) was positioned at the cavity bottom at x = 80 mm and
130 mm for L/H = 0.2 and 0.41 respectively. The third sensor
(PS3) was located on the trailing edge at y = -30 mm. Locations
of sensors are indicated in Figure 2.
Figure 3 shows two pressure spectrums obtained for U0 =
46m/s. This figure confirms that for the two cavity configu-
Figure 1: three-dimensional view of the cavity
rations no interesting physical features exist in the present flow
at high frequencies. Oscillating modes and their harmonics are
detected at low frequencies. Therefore, F = 500 Hz will be the
maximum frequency of interest for all pressure analysis.
Figure 2: Kulite sensors positions
Hot-wire measurements
Experiments were carried out using a DANTEC 55M10 con-
stant temperature hot-wire anemometry (CTA) system. The out-
put signal was transferred by an A/D digital card connected to
a PC. The STREAMLINE software supplied by DANTEC was
used to acquire and store data. A boundary layer type probe was
used for the boundary layer measurements upstream from the
cavity. Two single wire probes DANTEC 55P15 were used for
cross-correlation measurements in the cavity shear layer. The
sensors of both probes consisted of platinum-tungsten wires.
Streamwise time-space correlations between velocity signals
were performed in order to calculate the convection velocity
of structures. These cross-correlation measurements were ob-
tained using two single hot-wire sensors placed in the shear
layer at y= 0 close to the center in the spanwise direction. The
space between the two probes was made using a manually con-
trolled mechanism with an accuracy of 10 µm. The longitudinal
space between the two hot-wires was then fixed to 8 mm. A
small shift (about 1 mm) of the two hot-wire probes was per-
formed in the spanwise direction in order to avoid a streamwise
wake interaction between probes. The relative turbulent level
(RTL) was measured along the shear layer for each freestream
velocity. In all cases, RTL is inferior to 15 % rendering the
adopted cross-correlation technique feasible. A traversing sys-
tem was used to move the probes in the streamwise direction. A
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Figure 3: Pressure spectrum from PS4 (kulite sensor at the lead-
ing edge)
traverse grid was defined for each cavity configuration. For each
free stream velocity, data are acquired along the shear layer. The
signals from the C.T.A. were filtered and amplified to give sig-
nals that covered most of the±10V range of the A/D converter.
Time resolved PIV measurements
The PIV system is based upon a time resolved PIV Dantec ’Dy-
namicStudio’ system, including a 2× 10mJ dual YAG laser, a
3 kHz Photron Ultima APX-RS Camera (1024 x 1024 pixels)
used at 2 kHz frequency (1 kHz vector map). The time between
two laser pulses used for the experiments presented here was
30µs for L/H = 0.2 and 50µs for L/H = 0.41. The PIV cam-
era was mounted on a traversing system, perpendicular to the
light sheet plane of the laser. PIV measurements were taken in
a streamwise plane (x, y) normal to the wall. In order to keep
the same resolution for L/H = 0.41 than that of L/H = 0.2 con-
figuration, the field for L/H = 0.41 had to be divided into two
subregions with an overlapping area (30 mm in the streamwise
direction). These two regions were combined to investigate
the whole length of the cavity. The overlapping area allowed
the choice of upstream and downstream fields of the same flow
phase and thus the time tracking of individual vortices.
Results
Incident turbulent boundary layer
Single hot-wire measurements were done 20 mm upstream from
the cavity leading edge in order to lay down the characteristics
of the incident boundary layer. Figures 4 and 5 respectively
show the mean streamwise velocity profiles and its root-mean-
square turbulent level for U0 = 2m/s. These profiles illustrate
the turbulent and fully developed aspect of the incident bound-
ary layer. The low sub-sonic velocity (2 m/s) allows measure-
ments in the viscous layer and hence accurate estimation of the
skin friction velocity (uτ). In the figure 4, u+ and y+ are normal-
ized using uτ. The log-law fits well the data for 30< y+ < 300.
Turbulent boundary layer parameters are deduced from velocity
profile. AtU0 = 2m/s the boundary layer upstream of the cavity
had a shape factor H = δ1/θ0 = 1.32 where δ1 = 22.5mm (dis-
placement thickness), θ0 = 17mm (momentum thickness) and
Reθ0 = 2267.
Structures advection along the shear layer
Figure 6 shows three cross-corrrelation plots obtained at three
different spacements (e = 4, 6 and 8) between hot-wire probes.
Figure 4: Mean streamwise velocity profile upstream of the cav-
ity
Figure 5: Streamwise root-mean-square profile upstream of the
cavity
These plots have particular peaks at relatively high amplitude.
This result reflects a high level of interdependence between in-
formations obtained from the two single hot-wires. Peaks occur
with a time delay T+ which represents the time for structures
to travel from the first to the second hot-wire in the streamwise
direction.
The two single hot-wire sensors positions were along the con-
stante y = 0 line of the shear layer. This y position was cho-
sen considering that in shear-layer mode, the vortical structures
travels in the streamwise direction along the cavity shear layer
and are detected by the first then the second hot-wire sensor.
Although the trajectory of the vortical structures could be influ-
enced by the acoustic waves, Gloerfelt et al.[17] asserters that
well-aligned vortices are presents in the cavity shear layer with
a slight growth of vortices when approaching the downstream
corner of the cavity. Moreover, Rowley et al.[16] noted that
the interaction of the flow inside the cavity with the shear layer
is relatively weak. Preliminary measurements were made with
different espacements (e) between the two hot-wires. Similar
distributions (not shown in this paper) of the convection veloc-
ity for e = 4, 6, 8 and 11 mm were obtained. This allowed us
to choose a fixed space (e = 8 mm) for all the measurements
of the convection velocity along the shear layer for both cavity
configurations.
Structures or instability waves present in the cavity shear layer
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Figure 6: Velocity cross-correlation obtained from two single
hot-wire placed in the cavity shear layer
are convected from the leading to the trailing edge of the cavity
with a characteristic convection velocity uc = e/T+. The ratio
uc/U0 of the Rossiter formula was often considered by authors
as empirical and taken as a constant value along the shear layer
(Kegerise and Spina[18]; Hirahara et al.[19]). Our results prove
that the convection velocity of eddies depends on the position
of the structures over the mixing layer. In the empirical formula
found by Rossiter, uc/U0 was 0.57. Rossiter has proposed the
equation:
St =
f L
U
=
n−α
M+ 1κ
(1)
where n is the cavity mode, κ is the ratio of the convection ve-
locity of structure to the free stream velocity, and α the lag time
between the impact of a structure on the cavity downstream cor-
ner and the emission of an acoustic wave. This parameter was
always taken as empirical value and is adjusted to fit experimen-
tal data (as done by Rossiter). At moderate Mach number there
is an acoustic delay α = 0.25 (Rowley et al.[16]).
Figures 7 and 8 show the distribution of the convection veloc-
ity, normalized by the free stream velocity, plotted against x/L
with x being the longitudinal position of the structures along the
mixing layer.
Figure 7: Convection velocity distribution along cavity shear
layer (L/H = 0.2)
Figure 8: Convection velocity distribution along cavity shear
layer (L/H = 0.41)
In all cases, the detachment of the turbulent boundary layer at
the cavity leading edge is followed by an acceleration of the
structure in the mixing layer. Four regions could be distin-
guished (figures 7 and 8)
1. Region1: coherent structure acceleration is constant and
is more pronounced for higher free stream velocities.
2. Region2: characterized by an acceleration of the struc-
tures slower than in region1.
3. Region3: uc remains almost constant. The corresponding
plateau is larger in L/H = 0.41 compared to L/H = 0.2.
4. Region4: the structures decelerate and the convection ve-
locity decreases.
In order to calculate the oscillating frequency of the shear layer,
the uc values corresponding to x/L = 0 and x/L = 1 was estimated
by extrapolation of plots.
Figures 7 and 8 show a quite different behavior with respect to
shear layer oscillations. Indeed, in zone 1 and for L/H = 0.2,
structures acceleration is lower in non-oscillating case. This
could be explained by an important instability amplifications
near to the cavity leading edge due to acoustic feedback process
and consequently an important (acceleration of structures).
The convection time scale (Tc) taken by structures to cross the
cavity length was calculated by integrating the convection ve-
locity along the shear layer as shown in Eqn 4.
Tc =
∫ L
0
dx
uc(x)
(2)
Therefore, a mean convection velocity was obtained as the ratio
of the cavity length to the time (Tc). The convection velocity ob-
tained for each free stream velocity was used with the Rossiter
formula for both α = 0 and α = 0.25. This was applied to mode
1 and mode 2 of cavity oscillations. Accurate determination
of peak frequencies from spectrum analysis allowed calculation
of Strouhal numbers St = f ×L/U0. Results are shown in fig-
ures 9 and 10. These plots show that the results obtained from
Rossiter formula with α = 0 fit in with the emergences of vari-
ous modes. Indeed, this value of α = 0 adequately predicts the
modes of the cavity oscillation in both cavity configurations of
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the present study. While for α = 0.25, plots diverge from emer-
gences and never cross them. Rossiter[1] has suggested that
α decreases with L/H. Moreover, Larcheveˆque et al.[14] pro-
posed that the extension of the Rossiter model to the deep cav-
ity accurately predicts the peak frequency when α is adjusted.
From their measurements, these authors found that agreement
is achieved for α = 0.038. The main difference between the two
studies is Mach number value which was of 0.8 while in the
present study it is less than 0.17. Chatellier[20] suggested that
at low Mach numbers, the retroaction due to the interaction of
the shear layer and the impingement corner is instantaneous and
considers that the related parameter (α) should be negligible.
This hypothesis leads to a correct application of the Rossiter
formula on his results when adjusting κ. In conclusion, when
Mach number is low and for deep cavity configuration, α seems
to be very close to zero. Finally, the good prediction of oscilla-
tion frequencies by the Rossiter formula, confirms the existence
of a feed-back process leading to global instability.
Figure 9: Strouhal number of oscillating frequencies for L/H =
0.2, solid symbols: strongest mode, solid lines: Rossiter modes
using measured uc and α = 0, dashed lines: Rossiter modes
using measured uc and α= 0.25
Figure 10: Strouhal number of oscillating frequencies for L/H
= 0.41, solid symbols: strongest mode, solid lines: Rossiter
modes using measured uc and α = 0, dashed lines: Rossiter
modes using measured uc and α= 0.25
Vortical structures along the cavity shear layer
Q-factor vortex identification criterion has been employed. This
criterion was proposed by Hunt et al.[21]:
Q=
1
2
(Ωi jΩi j−Si jSi j) (3)
whereΩi j and Si j are the anti-symmetrical and symmetrical part
of the tensor gradient of velocity :
Ωi j =
1
2
(
∂ui
∂x j
− ∂u j
∂xi
) (4)
Si j =
1
2
(
∂ui
∂x j
+
∂u j
∂xi
) (5)
The presence of coherent structures in the flow is evidenced on
the Q-field obtained from two-components velocity field. The
use of this method is motivated by the presence of high velocity
gradients in the cavity shear layer flow.
For L/H = 0.2 andU0 = 43m/S, two-dimensional instantaneous
velocity and Q-factor fields of seven shear layer flow phases are
plotted in figures 11, 12, 13, 14, 15, 16 and 17. These
figures show a vortical structure (S) traveling from the leading
to the trailing edge of the cavity.
1. Phase 1 : Following a roll-up of the incident boundary
layer, a vortical structure S is formed just downstream the
cavity leading edge. Flow ejection is present close to the
downstream corner. This outflow process has begun at the
last phase of previous cycle.
2. Phase 2 : The vortical structure has moved downstream
along the shear layer. The ejection process is weaker near
the downstream corner than it was in phase 1.
3. Phase 3 : S has grown. No exchange is discernible be-
tween inside the cavity and the outflow.
4. Phase 4 : S got bigger and is located equidistantly between
the leading and the trailing edge.
5. Phase 5 : S occupies a major part of the shear layer just
ahead of the cavity downstream corner.
6. Phase 6 : In the shear layer downstream part, S is oriented
towards the corner with its greater part being inside the
cavity.
7. Phase 7 : The major part of S has sunk along side the cav-
ity downstream corner. A beginning of ejection process
could be observed above this corner.
In all phases, a big recirculation zone spanning the en-
tire length of the cavity is observed in the upper part of
this one. There’s flow exchange between this recirculat-
ing zone and S. In addition, clusters of moderate-scale
vorticity concentrations are clipped off and travel along
the vertical surface of the trailing wall upper part.
Figure 18 illustrated the existence of two vortical structures with
same rotational direction in the cavity shear layer for L/H = 0.41
andU0 = 37m/s.
425
Figure 11: Phase 1 of cavity shear layer oscillating cycle (L/H
= 0.2)
Figure 12: Phase 2 of cavity shear layer oscillating cycle (L/H
= 0.2)
Figure 13: Phase 3 of cavity shear layer oscillating cycle (L/H
= 0.2)
Conclusion
Experimental characterization of the inside pressure fluctua-
tions at lowMach numbers has been conducted in two deep cav-
ity models. Measurement of the convection velocity of struc-
tures, along the cavity shear layer, has been performed using
hot-wire cross-correlation. The main conclusions could be sum-
marized as followed.
(a) Instabilities in the shear layer are convected from the leading
edge to the trailing edge of the cavity with a non constant con-
Figure 14: Phase 4 of cavity shear layer oscillating cycle (L/H
= 0.2)
Figure 15: Phase 5 of cavity shear layer oscillating cycle (L/H
= 0.2)
Figure 16: Phase 6 of cavity shear layer oscillating cycle (L/H
= 0.2)
vection speed (uc). Four different regions are identified along
the cavity shear layer. Behavior of uc in the first region is quite
different in so far as cavity mode oscillates or not. The higher
acceleration of oscillating-regime is attributed to acoustic am-
plification of the shear layer instabilities in the upstream part of
the cavity.
(b) Rossiter formula correctly predicts the hydrodynamic modes
of deep cavities with a convection velocity which has been mea-
sured and with α = 0. This implies that the generation of acous-
tic retroaction is instantaneous for low Mach numbers.
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Figure 17: Phase 7 of cavity shear layer oscillating cycle (L/H
= 0.2)
Figure 18: Phase of cavity shear layer oscillating cycle showing
two vortical structures along the shear layer (L/H = 0.41)
(c) Strouhal number of cavity oscillations corresponds to the
first cavity mode (Rossiter model) for L/H = 0.2 and to both
the first and second cavity modes for L/H = 0.41. The pressure
amplitudes show a stronger lock-in between hydrodynamic and
acoustic modes for L/H = 0.2 than L/H = 0.41. This leads to a
more significant maximum SPL in the first configuration.
(d) With an aspect ratio of L/H = 0.2, oscillations of the shear
layer excit acoustic modes of the cavity, leading to a generation
of flow tones. This aero-acoustic coupling is less obvious with
L/H = 0.41. Although, as flow velocity is increased, upward
jumps in oscillation frequency is observed in the two cavity con-
figurations.
(e) The maximum SPL distributions at different locations
on cavity walls highlighted the SPL maximum magnitude is
reached at the cavity bottom and reveals a strong excitation of
the depth mode by the shear layer oscillation at this location.
(f) For L/H = 0.2, shear layer oscillations begins at L/θ0 ≈ 10
which is much lower than values found in previous studies. This
difference is attributed to both the highly turbulence aspect of
the incident boundary layer as well as the acoustic depth mode
of the cavity.
(g) During an oscillating cycle, the shear layer rolls up into a
number of vortical structures. It was found that the number of
structures present in the cavity shear layer is equal to the highest
mode order of cavity oscillation (1 for L/H = 0.2 and 2 for L/H
= 0.41).
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